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Abstract: Photorhabdus temperata is an entomopathogenic enterobacterium; it is a 
nematode symbiont that possesses pathogenicity islands involved in insect virulence. 
Herein, we constructed a P. temperata Ml 021 cosmid library 'm Escherichia co/z XL 1 -Blue 
MRF' and obtained 7.14 x 10^ clones. However, only 1020 physiologically active clones 
were screened for insect virulence factors by injection of each E. coli cosmid clone into 
Galleria mellonella and Tenebrio molitor larvae. A single cosmid clone, PtC1015, was 
consequently selected due to its characteristic virulent properties, e.g., loss of body turgor 
followed by death of larvae when the clone was injected into the hemocoel. The sequence 
alignment against the available sequences in Swiss-Prot and NCBI databases, confirmed 
the presence of the mcf gene homolog in the genome of P. temperata Ml 021 showing 85% 
homology and 98% query coverage with the P. luminescens counterpart. Furthermore, a 
2932 amino acid long Mcf protein revealed limited similarity with three protein domains. 
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The N-terminus of the Mcf encompassed consensus sequence for a BH3 domain, the 
central region revealed similarity to toxin B, and the C-terminus of Mcf revealed similarity 
to the bacterial export domain of ApxIVA, an RTX-like toxin. In short, the Mcf toxin is 
likely to play a role in the elimination of insect pests, making it a promising model for use 
in the agricultural field. 

Keywords: insecticidal toxin; Galleria mellonella; makes caterpillar floppy; 
Photorhabdus temperata; Tenebrio molitor 



1. Introduction 

The Photorhabdus genus consists of nematode symbionts, i.e., entomopathogenic Enterobacteria 
residing within the gut of an infective julienne nematode {Heterorhabditis bacteriophora); these 
bacteria kill a wide range of insects after infection [1]. In addition, Photorhabdus is a member of the 
Enterobacteriaceae, and it is easy to conduct comparative genomic analysis of putative and actual 
virulence factors with well-studied model bacteria such as Escherichia coli [2]. However, more than 
50% oi Photorhabdus genes in gene pools are distinct from their counterparts in the genome oi E. coli 
K12, indicating that the Photorhabdus genome may contain a large number of novel genes involved in 
pathogenicity and symbiosis [2]. Genomic sequencing of Photorhabdus bacteria such as P. temperata 
M1021 [3] and P. luminescens TTOl [4] has revealed numerous pathogenicity islands scattered 
throughout their genome. These pathogenicity islands encode different groups of toxins including toxin 
complexes (Tcs), Photorhabdus insect-related (Pir) proteins, makes caterpillars floppy (Mcf) toxins, 
and the Photorhabdus virulence cassettes (PVC) [5]. The Tcs have been identified as high molecular 
weight insecticidal toxins with an estimated molecular weight of approximately 1000 kDa, which have 
been sub-categorized into four different complexes, including Tea, Tcb, Tec and Ted [4]. All the four 
groups exhibit injectable toxicity against insects, whereas two of the complexes. Tea and Ted, show 
oral toxicity as well [6]. In addition, Tea has been revealed to disrupt the epithelial cell line of the 
insect midgut, in a way similar to the 6-endotoxins from Bacillus thuringiensis (Bt) [6]. The "Pir" 
toxins of the Photorhabdus bacteria consist of two well-known members; PirA and PirB, collective 
known as "PirAB". The "PirAB" have been shown to be binary toxins with both injectable and oral 
toxicities towards insects. However, it has been found more effective against the mosquitoes especially 
against the Dengue vectors, Aedes aegypti and Aedes albopictus [7]. The PVC toxins have been 
investigated to be homologous of prophage-like proteins of S. entomophila, structurally similar to R-type 
pyocins [7]. The PVCs cause toxicities against a variety of insects, including G. mellonella and 
M. sexta, by destroying the insect hemocytes, which undergo dramatic actin cytoskeleton condensation [8]. 
Moreover, Mcf is multi-domain toxin and almost all of the Photorhabdus species carry mcf gene at 
differing genomic locations, indicating that it is highly mobile within the genome [5]. The Mcf is a 
potent toxin that is active upon injection and promotes rapid destruction of the insect midgut, resulting 
in the caterpillars losing all body turgor and becoming "floppy". In addition, it also destroys the insect 
phagocj^es (hemocj^es) by promoting their apoptosis [9]. Furthermore, Mcf promotes toxicity in a 
variety of insects as well as in human beings [10]. Photorhabdus has a complex life cycle, in which it 
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part of the life cycle occurs in the gut of entomopathogenic nematodes as symbiont and another part in 
the insect body as pathogen [6]. In order to combine symbiosis with the nematode and pathogenicity 
with the larva of the insect, Photorhabdus must produce factors that can do both [7,8]. During the 
pathogenic phase, the bacteria produce toxins, enzymes, bacteriocins and antibiotics, which cause 
toxicity in the insects, as well as nutritionalize the insect body [9-12]. Chitinase has also been 
identified as cytotoxic enzyme, produced by Photorhabdus during the pathogenic phase, which 
exhibits oral insecticidal activity against insects [13]. In addition, these islands also encode for genes 
that are responsible for symbiosis and nematode growth [14,15]. These data demonstrate the potential 
uses of Photorhabdus toxins as a substitute of Bt toxins in agriculture [16]. 

The aim of the present study was to identify virulence factors that are present in the gene pool of 
P. temperata Ml 021, making it extremely virulent against a wide range of insects. A cosmid library of 
genomic DNA from P. temperata Ml 021 was constructed in E. coli XLI-Blue MRF' and screened for 
the insect virulence factor(s) by using the injection of an individual clone to combat Galleria mellonella 
and Tenebrio molitor larvae. Here, we isolated 1020 physiologically active clones and subsequently 
selected a single clone "PtClOlS" showing the similar virulence characteristics as the Mcf toxin. 

2. Results and Discussion 

2.1. Screening of the Cosmid Library 

Bioinformatics of the Photorhabdus genus revealed pathogenicity islands encoding numerous 
putative and established toxins [17,18]. Numerous strategies including purification through 
chromatography and cosmid clone strategy have been adapted to glean highly active toxins from the 
Photorhabdus spp. against the wide range of insects [19]. However, toxin attained through different 
purification strategies may lose their activities due to alteration in structure, at either end, or it may 
become protected in some way from inactivation in the insect gut [20]. The cosmid clone approach, 
however, provides in vivo factors that facilitate the mutual interaction of the proteins and keep them 
active against the host [21]. 

In order to identify other insect toxins from the bacteria, a cosmid library of P. temperata Ml 021 
genomic DNA (pPtC, total 7.14 x 10^ clones) was constructed. The biologically active clones were 
assessed via screening, in which 1020 clones were selected by a bioassay against fully mature (fifth instar) 
larvae of G. mellonella and T. molitor. The clones were tested by an intra-hemocoel injection bioassay, 
a method that delivers the bacteria directly into the hemolymph and thus mimics the release of the 
bacteria into the hemolymph that occurs soon after a nematode infects the insect host [22-24]. 
The bioassay results indicated that intrahemocoel injection of physiologically active clones killed 
various percentages of larvae. Through the initial screening, 30 clones were identified with different 
levels of insecticidal activity, and subsequent screening was confined to 11 clones. The toxicity 
patterns of the 1 1 clones were morphologically different from each other in larvae e.g., dark black, 
black spots, blackish, dark brown, dark red, gray color. In addition, some larvae also exhibited loss of 
body turgor, resulting in the floppy phenotype (Tables SI and S2). 

Finally a single clone, PtClOlS, causing the floppy phenot5^e was selected for further 
characterization. The intrahemocoel injection of PtClOlS into the G. mellonella showed a rapid loss of 
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body turgor, followed by death of G. mellonella in reference to larvae injected with control 
(Figure 1 A,B). Similarly, the T. molitor larvae were observed to be dead within 24 h after the injection 
of PtC1015 as compared to larvae injected with control (Figure 1C,D). E. coli XL 1 -Blue MRF' 
containing non-recombinant SuperCosl was used as control. It should be noted that the toxins such as 
Tcs, Pir, PVCs and Mcf produced by Photorhabdus are active upon injection. However, one of the 
noteworthy features of the PtClOlS toxicity was forcing the caterpillar into floppy morphology, which 
has been a characteristic feature of Mcf toxin. The toxin promotes rapid destruction in the insect 
midgut, resulting in the loss of body turgor of the caterpillars [11]. In addition, the Mcf has been 
investigated to destroy the insect phagocytes (hemocytes) by promoting their apoptosis [7]. Similarly, 
the genomic DNA of P. luminescens has been used to construct a genomic DNA library by 
Dabom et al. [11], through which they identified a single cosmid clone, causing the loss of body turgor 
and eventual larval death. The loss of body turgor, followed by floppy morphology, is due to the 
destruction of the insect midgut, endocytosis and cytotoxicity caused by multiple conserved domains 
present in the Mcf toxin [22]. 

Figure 1. Toxicity pattern of an E. coli cosmid clone "PtClOlS" against the insect larvae. 
The clone was bio-assayed via intrahemocoel injection into the larvae that caused death 
within 24 h. (A) The PtClOlS clone was injected into the hemocoel of G. mellonella 
larvae, showed a floppy appearance, indicating ''make caterpillars floppy" characteristics; 
(B) as control of A, E. coli XLl-Blue MRF' harboring plasmid SuperCosl was injected to 
G. mellonella larva, indicating no insecticidal activity; (C) the PtClOlS clone was injected 
into the hemocoel of T. molitor larvae, which caused death within 24 h; (D) as control of C, 
E. coli XLl-Blue MRF' harboring plasmid SuperCosl was injected to T. molitor larva, 
indicating no insecticidal activity. 




2.2. Sequence Alignment and Bioinformatics Analysis of the mcf Gene 

A cosmid clone PtC1015, which showed characteristic features {makes caterpillars floppy), of the 
Mcf toxin was selected for fiirther characterizations. From the cosmid clone PtC1015, the cosmid was 
extracted and designated as pPtClOlS. In order to confirm whether this cosmid harbors the gene 
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encoding the Mcf toxin, PCR amplification targeting the mcf gene was carried out using an appropriate 
primer set with either the genomic DNA of P. temper ata Ml 021 or the extracted pPtClOlS as a 
template DNA. The primer sets for amplifying the various toxin genes as tccB, tec, ted, ted A, mcf and 
chitinase gene were designed based on the genomic information of P. lumineseens genome (Table 1). 
In the first trail, primers were designed to amplify the entire open reading frame (ORF) of the toxin 
genes, but failed to amplify, thus suggesting that the sequence homologies between the primers and 
terminals region of the template DNA were not enough for the PCR annealing reaction. Furthermore, 
the primers were designed for the most conserved regions, obtained through the gene alignment of the 
different Photorhabdus spp. to amplify only partial fragments of the toxin genes. 



Table 1. Specific primer sets for amphfying the various toxin genes components. 



Names of the Target Genes 


Primers 


Primer Sequence (5'— »^3') 


Partial tecB gene (0.46 kb) 


TccBl 
TccB2 


GTG ACT CAG CTT TCA ATC GCC AT 
GAT AGA TCC GCC ACC ATA TCC AG 


Partial tec gene locus (0.84 kb) 


Tccl 
Tcc2 


AAR YTG GCT GAA GAG CAY 
GTG CAA TAC CCT TAC CTG TGC 


Partial ted gene locus (0.77 kb) 


Tcdl 

Tcd2 


AAG ACC GTT TTT CCC GTT ATG AAT A 

ATC ACC GGA TTG CAC CAC ATG 


Partial tea gene locus (1.6 kb) 


Teal 
Tca2 


GGA ATT CAT GCT GAG CTA TTG GCA A 
GGT CGA CGC GAA TGG TAT AGC GAA T 


Partial ted A gene locus (2.2 kb) 


TcdAl 
TcdA2 


ACC GAT GGA TTT CAG TGG CGC T 

GCG TCG ACT TGG CGA ATG GTG TAG CGA A 


Partial chitinase gene (1.6 kb) 


ChiAl 

ChiA2 


GCG AAT TCC ATA TGT TTA AAA CAA TTG TAT CG 

CTG AAA GTA CAG GTT CTC ATT TAA TTT GCA CGC TTC ACA 


Partial mef gene locus (0.87 kb) 


Mcfl 
Mcf2 


CCT GAC GCC GTT GCC CGA TGA CAC 
AAC AGG GCA CCG GAT TCA GAG ATG 



As shown in Figure 2, partial mef gene fragments were amplified through PCR by using pPtClOlS 
and/or genomic DNA as a template (Figure 2, lane 7 and 14, respectively). However, the toxin 
complexes or chitinase genes remained unamplified during the PCR reaction, where pPtClOlS was 
used as template DNA (Figure 2, lanes 1-5 for toxin complexes; lane 6 for chitinase gene). Moreover, 
partial gene fragments of the toxin complexes or chitinase genes were successfully amplified through 
PCR reaction in which the genomic DNA of P. temperata Ml 021 was used as a template DNA 
(Figure 2, lanes 8-13). Some non-specific bands were also amplified during the PCR ampHfication 
(lane 5 and lanes 8-14). The above results indicate that the pPtClOlS could be a candidate, bearing the 
mef gene, responsible for loss of body turgor and floppy morphology in the larvae. 

Furthermore, the entire inserted fragment of pPtC1015 was subjected to Sanger sequencing. 
Through the sequence analysis, an 8.8 kb open reading frame of the mef gene was deduced and 
sequence was deposited at the NCBl with the accession no. KJ584647. The mef gene showed 85% 
homology in 98% query coverage to the P. lumineseens TTOl counterpart (Figure SI). The 8.8 kb mef 
gene encodes a large predicted polypeptide of 2932 amino acids with a molecular weight of 325 kDa. 
Through the available databases search [25-27] for the Mcf toxins, three conserved domains as well as 
motifs were revealed. 
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Figure 2. PCR amplification of the mcf gene using pPtC1015 as the template DNA. 
Lanes 1-7, PCR products amplified with the pPtClOlS as a template DNA; lanes 8-14, 
PCR products amplified with the chromosomal DNA of P. temper ata Ml 021 as a template 
DNA. M: A, DNA digested with Hindlll marker (0.1 i^g each); lanes 1-14, PCR products 
amplified with specific primer sets targeting for partial tccB gene (lane 1, 8), partial tec 
gene (lane 2, 9), partial ted gene (lane 3, 10), partial tea gene (lane 4, 11), partial ted gene 
(lane 5, 12), partial chitinase (lane 6, 13) and partial mef gene (lane 7, 14), respectively. 
Lanes 7 and 14 were taken fi-om a separate gel. 




M 1 2 3 4 5 6 7 M 8 9 10 11 12 13 14 

One conserved domain located at the N-terminus of Mcf polypeptide was present between 905 to 
919 amino acids, as highlighted in the first box in Figure 3. Consensus sequence for BH3 domains was 
shown, belonging to anti-apoptotic members of the Bcl-2 family (Figure S2, (I)). According to the 
study reported by Cheng et al. [28], the conserved domain at N-terminus has a core consensus with 
the BH3 domain, suggesting that Mcf may be mimicking a proapoptotic BH3 domain protein. 
Furthermore, Kelekar et al. [29] explained that the BH3 domains are evolutionarily conserved, but 
structurally distant proapoptotic members of the Bcl-2 family containing only a short 9-16 stretch of 
the amino acid consensus sequence; BH3 domains act as early sensors of apoptosis. Previous 
studies [28-30] found that members of this family are highly related in one or more specific regions, 
collectively called Bcl-2 homology (BH) domains. In addition, Sattler et al. [30] demonstrated that the 
BH domains of the Bcl-2 family contribute their role at multiple levels in cell death and survival. 

Another important domain was located at the C terminus, and was 672 amino acids long; it 
corresponded to the TcdA-TcdB pore-forming region, highlighted in second box of the Figure 3. This 
conserved region was present between 1608 and 2280 amino acids, bearing up to 21% amino acid 
similarity to a conserved region of a C. difficile toxin-B (CdtB) (Figure S2, (II)). Daborn et al. [11] 
mentioned that the region is putatively involved in the toxin translocation and endocytosis. Hofmann 
et al. [12] pointed out the enzymatic characteristic of the toxin-B, which is a virulent factor of C. diffiicile. 
In addition. They delineated the mechanism of action and explained that toxin-B covalently modifies 
low molecular mass GTP -binding proteins of the Rho family by glucosylation, using UDP-glucose as a 
co-substrate, hence the toxin specifically glucosylates Rho, Rac, and Cdc42 at threonine 37 and 
threonine 35, respectively, thus inhibiting the bio-activity of the small GTPases [31]. Because Rho proteins 
are regulators of the actin cj'toskeleton, glucosylation results in the destruction of cj'toskeleton [12], and 



Toxins 2014, 6 



2030 



the various signal transduction processes that are controlled by GTPases are inhibited by the 
glucosylation [32]. It is inferred that toxin-B can facilitate the endocytosis and translocation 
phenomenon, which could be involved in the larval toxicity and floppy formation [11,12]. 

Finally, C-terminus of Mcf sequence revealed consensus for export domain of ApxIVA, an 
RTX-like toxin from A. pleuropneumoniae (Figure S2, (III)). The similarity was extended to 
C-terminus from 2556 to 2932 amino acids highlighted in the third box in Figure 3. The RTX family 
of cytotoxins are related to the pore-forming protein toxins in many Gram-negative pathogens, 
including E. coli, Bordetella pertussis, Pasteurella hemolytica and Vibrio cholera that produce 
extracellular pore-forming toxins belonging to the RTX (repeats in toxin) family [33,34]. Furthermore, 
the Mcf from P. luminescens was identified as the similar to RtxA toxin which causes the actin 
cross-linking and depolymerization [11,15,35]. Prochazkova et al. [36], elucidated the mechanism of 
the action of RtxA; RtxA leads the destruction of actin cytoskeleton in the host cells through G-actin 
modification and destruction of Rho GTPases [37]. The destruction of G-actin in the cytosol of host 
cell cytosol caused the prevention of actin microfilament formation, a major component of the 
cytoskeleton, and hence, led to the death of the host [36]. 

Figure 3. The 2932 amino acid sequence of Mcf toxin with three potential flinctional domains 
highlighted in boxes. First box (from 905 to 919) at the N-terminus, carrying a BH3-like 
consensus domain, suggests the protein may be pro-apoptotic. Second box represents a domain 
(from 1608 to 2280) has the similarity to the Clostridium difficile toxin B (CdtB), responsible 
for gut destruction. Third box, at the C-terminal (from 2556 to 2932), carries a homolog 
sequence of ApxIVA fi-om Actinobacillus pleuropneumoniae, an RTX-like toxin. 

1 MAFISKDFH! LLNILIDOQI KAACSQMF NMSAIHftDY lEQVDERLCE IQQSILSVIA AQHRWM' VSVIH^LQIL QQEEQQMNKV PSTUUNiYK QQLEfJDIELY EEQQTAmHF 120 

121 DSTJBQVLAM LfflTILREDS VDKQVKIJ7IK IKHLEOQLTK QVABSIFSCE YVKLFSEDQA YKEVNARYNA LLKASTAEEE ATALDALIKV PRASDDLPVN ISLLMMEERP GYIRMNVALV 240 

241 NASnxa™ FFLENOiLVV PTDGVLMiSF GTAA8SLAWQ QQYELKSEFP SFESFITIPI RSVLVKIKFV ENYFANHLVS ESTUHMA QLLNOaKML LTNVIMVFN QVGIQVSGQA 360 

361 PNTrmiEVP LASALSm.IN QNADITSFQT IGLEGPB3SS YHPOiDGLFV NIHELHSVG FAGBQYLLffl PQDKDYLSAT FFGVMSADGD KVSSSHLSKA QTKALYQYNA AFFEKQHJR 4S0 

481 DGOTVSHLF FCDTEEETAFE QQLVELFERN HITPAGILAP EYPEDNMEDI KGNNLNKVLW EQAFAASVWQ STDNIKLLFK LATKLVENQD MDKVLQSGYV QSDIAQAKO. LAPLYEQWET 600 

601 RAVE(ErCEV ASANAAQHFN NPKIQVFm AVERSUm LNUlimp I^^ 720 

721 LILNANPEBQ AYHDGSYLIK DDKYRSYNQF EPDFKNKATV YMNDIDIPFV GGISGnQTV SNAI MLffiR ALSVKEYWqF OMANAAFMIR NGYHSPFETF YVAARYEPKA KDEGSIGENM 840 

841 LDMFDKYRAE GSKEALQGEL YDGVMAEVLP I INQGLPEAN EFinTOTEF GPSPALLGQA VKDL tLKAa ASVGDGFESEl OGSADItKiFA VDPALFA™ TLSAEVLVKS GRLPAKQJAQ 960 

961 LVKVAPNLYE LETTEKNANH ISATSVPAYF LGYSGPNQAN AVPAYVDIPK KTAFGSELFT GTLSGSSLIV TNLDANTVEV YHKSINSSL LYBNWMAVD YKDYQVSGTV ECLAAAYUCfF 1080 

1081 VNEKKS-VFQ RQEYdfDGCE IWLKLRDGAE SLSIRDAGSQ WEGKQVEFA TYEEQVHQQL KKVAIQFGVS VEGVADGVYT EGAFSPEHPA lAAWIEIJiEA VQAKVKTDID QMEffiRYOQ 1200 

1 201 EAEmSSDTA LIDQQIKQLS LTQDYYEAQY DFVLREAVAV ENmWQQIK AKEGSATWR IDUrAIQGEE HTSSVffiRYA ASEAYQ(93[Q GrGERMJiN FREIKIPGVD DKMSALEMKR 1 320 

1321 IJFIffiKLTDE QEGALSGEIT ETSQABYIIK ILRQIAVFSE NFHDAGSVFE ELVFQEF^ 1440 

1441 NVPAVr)A<rm [.GOFNT-'OTV .SRi nrmrr'; MFAINTTWHS MMVGRAV p: GmYYFVnPN VGTFAFnWPK ST.FRWm. WMTAHYG T.FG'M.SAPAF NrJFJTmm AFVPV.TON 1560 

1561 VADLHiFEEL ASVIGCKROV EOTVSIDERV TEDLPLCTAL glFDABOtGA BEEAAgmA OKYOLDNHffL PIIATIKPLG EGRYOICfflN RDHPBOIRSL DTNDSIFVEF EEFVEKHMSV 1680 
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The phylogeny of mcf gene was investigated to find the genealogical ties among the mcf sequences 
present in different species of the Photorhabdus as well as in other related genera such as Xenorhabdus 
and Pseudomonas. As shown in Figure 4, the mc/ gene from P. temperata M1021 was close to the mcf 
counterparts from not only the other Photorhabdus bacteria but also the Pseudomonas and 
Xenorhabdus bacteria. Interestingly, the mcf gene of P. temperata was closer to X. nematophila which 
is a member of an entomopathogenic genus other than the P. luminescens or P. asymbiotica. 
Moreover, the mcf genes from the two Pseudomonas spp. were closely related to the mcf gene present 
in P. temperata Ml 021. According to Wilkinson et al. [2], the mcf is located in a different part of the 
genome in the different species of the Photorhabdus, thereby adding weight to the assumption that this 
gene is mobile within the genome. The mobility of the gene could be the reason that mcf of 
P. temperata Ml 021 came closer ioX. nematophila than Photorhabdus spp. 

Results of the present study, e.g., Phylogenetic tree, "floppy" phenotype of the larvae, amino acids 
sequence homology, and alignment of the putative mcf with the sequences present in the NCBI 
database, indicated that the insecticidal toxicity of the clone PtClOlS can be the activity of the Mcf 
toxin, reported in different species of Photorhabdus, such as P. luminescens TTOl, P. luminescens W14, 
P. asymbiotica and P. temperata K1122 [17,18]. 

Figure 4. Phylogenetic analysis of the mcf gene from P. temperata Ml 021 and other 
bacteria. BLASTN alignment from the NCBI was used to collect the mcf genes from the 
related strains: Pseudomonas protegens CP003190, P. protegens CP000076,X nematophila, 
P. luminescens and P. asymbiotica. Phylogenetic free was constructed using the neighbor 
joining method with 1000 bootsfrap replications using the MEGA 4.0 program. 
Bar indicates the Jukes-Cantor evolutionary distance. 
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2.3. Insecticidal Bioassay of the Recombinant Clones against Insect Larvae 

The clone PtClOlS containing the mcf gene was bio-assayed against to the insect larvae. Three 
micro-liters of whole cells of the PtClOlS clone (3x10^ CFU) or 1 ^g of its supernatant proteins were 
injected into the larvae through infrahemocoel injection. The results indicated that up to 90% mortality 
was caused by whole-cell injections, whilst the mortality rate atfributable to the supernatant was 
insignificant as compared to that of the confrol (Figure 5A). In addition, soluble and insoluble fractions 
from the whole-cell lysate were tested using the same injection method; these fractions caused up to 
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82% and 75% of mortality, respectively (Figure 5B). Rapid death with characteristic loss of body 
turgor in the larvae was noticed after the injection of soluble, insoluble, and whole-cell injection 
samples. As reported in previous studies [22,38], the loss of body turgor on the larvae was generally 
termed as the "floppy" phenotype, a characteristic feature of the Mcf toxin secreted from the 
Photorhabdus bacteria. 

In early reports, Daborn et al. [11] demonstrated that disruption of the midgut of the larvae causes 
the loss of body turgor, leads to the floppy phenotype. Furthermore, previous reports suggested that the 
Mcf protein has conserved domains similar to a region of C. difficile toxin-B, the proapoptotic BH3 
domain and the RTX-like domain, responsible for endocytosis, apoptosis and destruction of 
cytoskeleton [12,13,39]. All these reports reinforce the present results, suggesting that Mcf protein is a 
causative factor of "making caterpillar floppy" characteristic in larvae. 

All of these injection samples, i.e., whole cell, supernatant, and soluble and insoluble fractions were 
tested for oral toxicity against G. mellonella and T. molitor larvae: though the condition of larvae was 
carefully monitored, yet the oral insecticidal activity was insignificant and the mortality rate was 
negligible (data not shown). Previous reports by French-Constant et al. [15] also revealed the same 
results, suggesting that unlike the cases of Tcs and Pir toxins, the Mcf toxin is only active via injection. 
All these confirmatory analyses strongly supported the notion that the toxic protein secreted from the 
PtC 101 5 clone was the Mcf toxin and caused the fioppy phenotype with apoptosis in the insect larvae. 

Figure 5. Toxicity of the PtC1015 clone on the G. mellonella larvae: (A) Mortality caused 
by the whole cells (1 x 10 CFU), and supernatant (1 |a.g) injection. Whole cells or 
supernatant of E. coli XLl-Blue MRF' were used as the control. •, whole cell of PtC1015 
clone; ■, whole cell of E. coli XLl-Blue MRF'; o, supernatant from PtC1015 clone; 
□, supernatant from E. coli XLl-Blue MRF'; (B) Mortality caused by injection of soluble 
and insoluble protein fraction (10 |ag each). The protein fractions prepared from the E. coli 
XLl-Blue MRF' were used as the control. •, soluble fraction of PtC1015 clone; ■, soluble 
fi-action of E. coli XLl-Blue MRF'; o, insoluble fraction of PtC1015 clone; □, soluble 
fraction oiE. coli XLl-Blue MRF\ All experiments were repeated at least three times and 
presented with standard deviation. Some error bars (standard deviation) are smaller than 
the symbols. 
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2.4. Effects of Proteinase K and Heat Treatments on the Ins ecticidal Activity of the Toxin Protein 

The soluble and insoluble protein fractions extracted from the PtClOlS clone, responsible for the 
insecticidal activities, were subjected to both heat treatment (70 °C for 15 min) and proteinase K 
digestion (37 °C for 1 h with 10 i^g/mL being the final concentration) to characterize the proteinaceous 
nature of the toxin. The results (Figure 6A,B) indicated that soluble and insoluble injection samples 
were completely inactivated by both proteinase K and heat treatments. In addition, the mortality rate 
declined to an insignificant level compared to the control. These results confirmed that the Mcf toxin is 
exclusively responsible for the toxicity in the larvae and no other impurities were supportive in the 
insecticidal activity. The toxin protein loses its toxicity owing to the loss of its quaternary and tertiary 
structures by the application of external heat stress [40]. In addition, proteinase K was used to confirm 
the status of the toxin protein because it is a reliable method for protein digestion and makes them 
inactive [41,42]. 



Figure 6. Effect of the heat treatment and proteinase K on the toxicity of protein extracted 
from PtClOlS clone. (A) The mortality rate was affected by the digestion of proteinase K. 
• , Soluble fraction without proteinase K digestion; ■, Insoluble fraction without proteinase 
K digestion; o. Soluble fraction with proteinase K digestion; □, Insoluble fraction with 
proteinase K digestion. (B) The mortality rate was affected by heat treatment. •, Soluble 
fraction without heat treatment; ■, Insoluble fraction without heat treatment; o. Soluble 
fraction with heat treatment; □, Insoluble fraction with heat treatment. All experiments 
were repeated at least three times and values were presented with standard deviation. 
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3, Experimental Section 

3.1. Bacterial Culture and Isolation of Genomic DNA 



P. temper ata Ml 021 was cultured in Luria-Bertani (LB) medium (Sigma, Dorset, UK) at 
28 ± 2 °C for 48 h with 180-200 rpm. Bacterial growth was assessed as values of ODeoonm, using 
spectrophotometer (Shimadzu, UV-1800, Kyoto, Japan). When the culture reached Aeoo of 1.2-1.5, the 
genomic DNA was extracted by following procedures: The culture broth of P. temperata Ml 021 was 
centrifiaged at 12,000 x g for 15 min, and the pellets were re-suspended in Tris-EDTA buffer 
(TE buffer: 10 mM Tris-HCl, 1 mM EDTA, pH 8.0). Approximately 10% sodium dodecyl sulfate 
(SDS) and 0.1 mg/mL proteinase K were added and the mixture was then incubated at 37 °C for 1 h. 
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Subsequently, 0.01% (w/v) of cetyltrimethylammonium bromide (CTAB) solution along with 5 M 
NaCl (0.7 X volume of total solution, v/v) were added, followed by incubation at 65 °C for 10 min; 
then, proteins were removed by a common PCI (phenol:chloroform:isoamylalcohol 25:24:1, v/v/v) 
extraction and 0.6 x volume of isopropanol (v/v) was added to supernatant to precipitate the DNA. The 
predicated DNA was collected through centrifugation, washed with 70% ethanol and re-suspended in 
500 iiL of TE buffer. Approximately 5 \xL aliquot of the purified DNA was run on 0.8% (w/v) agarose 
gel set at 100 V for 25 min to confirm the DNA along with standard DNA marker (k DN A/Hind III, 
0.02 |xg/nL; Sigma-Aldrich, St. Louis, MO, USA). 

3.2. Construction of the Cosmid Library 

Total genomic DNA isolated fi-om P. temperata Ml 021 was meticulously purified through a DNA 
purification kit (Qiagen, Valencia, CA, USA) and subsequently subjected to the enzjmiatic digestion 
for appropriate size selection. The DNA was partially digested using SauiAl endonuclease (5 U of 
enzjmies; Takara, Otsu, Japan) at 37 °C overnight and approximately 35 kb DNA fragments were 
selected from the digested product. Afterward, the selected DNA fragments with the appropriate size 
were dephosphorylated and ligated using the T4 DNA ligase (Takara, Otsu, Japan) into the SuperCosl 
cosmid vector kit (Sfratagene Co., La JoUa, CA, USA), according to the procedure followed by 
Lindler et al. [43]. The gene construct was packaged into a X phage, and allowed to infect the E. coli 
XLl-Blue MRF\ The transduced E. coli XL 1 -Blue MRF' were cultured on the LB agar plates 
supplemented with 100 [j.g/mL of ampicillin (Sigma-Aldrich, St. Louis, MO, USA), incubated at 
37 °C for 18-20 h. The positive clones were selected according to the procedure described by 
the manufacturer. 

3.3. Breeding of Larvae 

Wax moth larvae, G. mellonella and mealworm larvae, T. molitor were reared from their eggs 
(collected from Daegu, Korea) using artificial media; the larvae maintained their growth in the control 
environment of the laboratory. The media for G. mellonella consisted of wheat bran (600 g), rice bran 
(600 g), yeast extract (4.5 g), CaCOs (2 g), glycerol (250 mL), water (175 mL), honey (600 mL), and 
vitamin B complex (600 mg). All the ingredients, except honey and vitamins, were mixed thoroughly 
and then, the mixture and honey were autoclaved at 121 °C for 15 min in separate containers; 
subsequently, the mixture, honey, and vitamins were all mixed together. Eggs laid by the wax moth on 
butter paper were placed in 150 g of the media and then incubated at 28 ± 2 °C with a relative humidity 
of 50%, until the eggs hatched. The small larvae were then transferred to a larger container containing 
a larger amount of newly prepared medium and were maintained for the bioassay. Similarly, the 
T. molitor larvae were reared from their eggs in a special chamber at an appropriate temperature and 
humidity. Eggs of the T. molitor on butter papers were put into the moist oatmeal subsfrate in a sterile 
container approximately 10" x 17" x 6" and incubated at 25 ± 2 °C with the relative humidity of 50%), 
whereby the eggs hatched. We kept spraying the container with distilled water once a day to keep the 
media moist. The hatched larvae were fransferred in a large amount of media and stored at 4 °C. 
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3.4. Toxicity Assays of the Recombinant Clones against the Model Larvae 

The cosmid library was constructed from the genomic DNA of P. temperata Ml 021 in the E. coli 
XL 1 -Blue MRF' and assayed against the model larvae of G. mellonella and T. molitor to assess the 
toxicity level of the cosmid clones. The individual colonies of E. coli XLl-Blue MRF' were cultured 

in 50 mL of Luria broth, supplemented with 100 )j,g/mL ampicillin and incubated at 37 °C for 18 ± 2 h 
with 200 rpm. The culture broth was centrifuged at 12,000 x g for 5 min at 4 °C and partitioned into 
the supernatant and pellets. Supernatant fraction was concentrated up to 50-fold by the ultrafilfration 
with 10-kDa molecular weight cut-off membranes and applied as injection sample. Furthermore, a 
small fraction of the pellets was diluted up to 1 X 10^ CFU/^L and was then used as whole-cell 
injection sample. The remaining pellets were re-suspended in 5 mL sterile physiological saline solution 
(0.85% NaCl) and subjected to sonication. The sonicated sample was centrifuged at 12,000 x g at 4 °C 
for 5 min and a supernatant fraction containing soluble proteins was used as a soluble injection sample. 
The pellets were washed with 10% SDS to obtain an insoluble suspension, and the fraction was used as 
an insoluble injection sample. Protein concenfration of the injection samples were quantified using 
Bradford assay [44] and 3 \\L of the samples (10 )j,g of protein) were injected into the hemocoel of fifth 
instar G. mellonella and T. molitor larvae by using a 10 f^L Hamilton syringe (Hamilton Co, Reno, NV, 
USA). The injected larvae were fransferred into a 90 mm Petri dish and incubated at 25 ± 2 °C with the 
relative humidity of 50% and the mortality rate of larvae were evaluated for three days. Clones causing 
insect mortality were screened three times, by injecting 10 individual larvae per clone, in search of a 
repeatable effect. Larvae injected with positive clones were also examined for marked phenotypic 
changes, such as color changes i.e., dark black, black spots, blackish, dark brown, dark red and gray 
color. The larval body conditions, such as loss of body turgor and body stiffiiess, were also examined 
during the post-injection incubation of larvae (Tables SI and S2). The oral toxicity of all the fractions 
mentioned above were determined in the model larvae by oral adminisfration through artificial diet 
prepared in the laboratory. Approximately 0.1 mL of each fraction was applied to 1000 mm^ of the 
artificial diet and dried for 15 min under the aseptic environment of the laminar fiow. Two larvae each 
of the G. mellonella and T. molitor were then put on the each food block and incubated at 25 ± 2 °C for 
seven days. During the incubation, the percent mortality of larvae was assessed. E. coli XLl-Blue 
MRF' harboring the intact SuperCosl processed similarly as mentioned previously was used as a 
negative control for both hemocoel- and oral toxicity assays. Ten larvae were used per treatment and 
three replicates were assayed and all the experiments were repeated at least three times. 

3.5. Sequence-Based Analysis of the Selected Cosmid Clone 

The clone PtC1015, responsible for the characteristic phenotype (loss of body turgor) in the larvae, 
was grown in LB broth with 100 |j,g/mL of ampicilhn, incubated at 37 °C for 20 h. The cosmid DNA 
was extracted using a Qiagen Mini Prep kit (Qiagen, Valencia, CA, USA) and sequenced from both 
ends with standard primers by Sanger DNA sequencing method (Solgent, Korea). 

In addition, for ascertaining which ORF within an individual cosmid was associated with the 
positive phenotype, PCR-based analysis was conducted to identify and confirm the desired gene 
responsible for the characteristic toxicity in the larvae. Sets of primers (Table 1) were designed to 
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amplify various loci of the toxin gene(s) and the gene complex. The PCR mixture (50 |j.L) consisted of 
5 of 10 X PCR Pfu DNA polymerase buffer (200 mM Tris-HCl pH 8.8, 100 mM (NH4)2S04, 
100 mM KCl, 1% Triton X-100, 1 mg/mL BSA, 20 mM MgS04), 2 of 2.5 mM dNTP, 1 ^iL of 
template DNA (10 ng/^L) and 1 each of 10 pmol forward- and reverse primers, 5 |xL of dimethyl 
sulfoxide (DMSO), 1 |xL of Pfu DNA polymerase (2.5 U/|xL), and 37 ^iL of sterile distilled water. The 
PCR condition was as following: the reaction consisted of 40 cycles that included 3 min of initial 
denaturation at 94 °C, 30 s of denaturation at 94 °C, 30 s of annealing at 55 °C, 30 s of elongation at 
72 °C, and a final extension for 1 min at 72 °C. PCR products were purified using a PCR purification 
kit (Qiagen, Valencia, CA, USA) and resolved in a 0.8% (w/v) agarose gel along with a standard 
marker, 9i DNA digested by HindUI (0.02 |xg/|a,L in final concentration). The comparison of nucleotide 
sequences was conducted using the BLASTN program from the National Center for Biotechnology 
hiformation (NCBI). The nucleotide sequences were aligned using ClustalW2 from European 
Bioinformatics Institute (EBI) [45]. Based on the BLASTN alignment, five reference genera, such as 
P. protegens CP003190, P. protegens CP000076, X. nematophila, P. luminescens, and P. asymbiotica, 
i.e., those carrying the mcf genes, along with one clone, P. temperata Ml 021, were selected. The 
phylogenetic tree was constructed using the neighbor-joining method [46] in the MEGA 4.0 program. 

3.6. Effects of Heat Treatment and Proteinase K Digestion on the Toxin Protein 

Thermal inactivation of different forms of the toxin protein (e.g., soluble, insoluble, supernatant, 
and cell pellet), harvested from PtC1015, were determined by subjecting them to the heat treatment. 
Each fraction was incubated at 70 °C for 15 min and injected into the hemocoel of larvae. In addition, 
proteinase K was applied to all the fractions to check if the insecticidal toxicity came from proteins. 
Ten micrograms per milliliter of proteinase K was added to each fraction and the sample was 
incubated at 37 °C for 60 min. The treated samples were subsequently injected into the hemocoel of 
larvae to test the insecticidal activity. To observe the effects of injection samples on larvae, they were 
placed in a Petri plate and incubated at 25 ± 2 °C with the relative humidity of 50%. The rate of 
mortality was monitored at 24 h of interval time for 3 days. Ten larvae were used per assay with three 
replicates and the experiments were performed at least three times. 

4. Conclusions 

The "PtC1015" clone was discovered during screening of a cosmid library generated from the 
genomic DNA of P. temperata Ml 021. The clone exhibited virulence characteristics, similar to Mcf 
toxin e.g., the loss of body turgor, followed by death in the larvae. The gene sequencing of the 
pPtC1015 confirmed the presence of 8.8 kb open reading frame of the mcf gene, encoding 325 kDa 
Mcf toxin. Database searches for the Mcf toxin revealed three areas of similarity with known protein 
domains. First, Mcf contains a consensus sequence for a BH3 domain and the second conserved region 
was located between 1608 and 2280 amino acids, bearing up to 2\% amino acid homology to a 
conserved region of CdtB domain. Finally, the predicted C-terminus of Mcf showed sequence 
similarity to an RTX-like toxin from A. pleuropneumoniae. The phylogenetic analysis confirmed that 
the mcf sequences were present in different species of the Photorhabdus and Xenorhabdus. Toxicity 
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profile of all the active fractions of the PtC1015 indicated the similar virulence characteristic known as 
"making caterpillar floppy" in larvae. 

Acknowledgments 

This research was supported by the Basic Science Research Program through the National Research 
Foundation of Korea (NRF), funded by the Ministry of Education (NRF-2013R1A1A20 10298). 

Author Contributions 

Ihsan UUah, Yunyoung Kwak and Jae-Ho Shin conceived the study, wrote the paper and prepared 
the figures. Eun-Kyung Jang, Min-Sung Kim, Jin-Ho Shin and Gun-Seok Park carried out experiments 
and performed data collection and analysis. Abdur Rahim Khan, Sung-Jun Hong, Byung-Kwon Jung, 
JungBae Choi and YeongJun Park provided materials and edited the paper. All authors have read, 
edited, and approved the final version of the paper. 

Conflicts of Interest 

The authors declare no conflict of interest. 
References 

1. Akhurst, R.J.; Boemare, N.E. A numerical taxonomic study of the genus Xenorhabdus 
(enterobacteriaceae) and proposed elevation of the subspecies of X. nematophilus to species. 
J. Gen. Microbiol. 1988, 134, 1835-1845. 

2. Wilkinson, P.; Waterfield, N.R.; Grossman, L.; Gorton, G.; Sanchez-Gontreras, M.; Vlisidou, I.; 
Barron, A.; Bignell, A.; Glark, L.; Ormond, D.; et al. Comparative genomics of the emerging 
human pathogen Photorhabdus asymbiotica with the insect pathogen Photorhabdus luminescens. 
BMC Genomics 2009, 10, 1-22. 

3. Park, G.S.; Khan, A.R.; Hong, S.J.; Jang, E.K.; UUah, I.; Jung, B.K.; Choi, J.; Yoo, N.K.; 
Park, K.J.; Shin, J.H. Draft genome sequence of entomopathogenic bacterium Photorhabdus 
temperata strain M1021, isolated from nematodes. Genome Announc. 2013, 1, 1-2. 

4. Duchaud, E.; Rusniok, C; Frangeul, L.; Buchrieser, C; Givaudan, A.; Taourit, S.; Bocs, S.; 
Boursaux-Eude, G.; Chandler, M.; Charles, J.F.; et al. The genome sequence of the 
entomopathogenic hactenmn Photorhabdus luminescens. Nat. Biotechnol. 2003, 21, 1307-1313. 

5. Rodou, A.; Ankrah, D.O.; Stathopoulos, C. Toxins and secretion systems of Photorhabdus 
luminescens. Toxins 2010, 2, 1250-1264. 

6. Forst, S.; Dowds, B.; Boemare, N.; Stackebrandt, E. Xenorhabdus and Photorhabdus spp.: Bugs 
that kill bugs. Annu. Rev. Microbiol. 1997, 51, 47-72. 

7. Ffrench-Constant, R.H.; Dowling, A.; Waterfield, N.R. Insecticidal toxins from Photorhabdus 
bacteria and their potential use in agriculture. Toxicon 2006, 49, 436-451. 

8. Forst, S.; Nealson, K. Molecular biology of the symbiotic-pathogenic bacteria Xenorhabdus spp. 
and Photorhabdus spp. Microbiol. Rev. 1996, 60, 2l~43. 



Toxins 2014, 6 



2038 



9. Jallouli, W.; Zouari, N.; Jaoua, S. Involvement of oxidative stress and growth at high cell density 
in the viable but nonculturable state of Photorhabdus temperata ssp. temperata strain K122. 
Process Biochem. 2010, 45, 706-713. 

10. Jallouli, W.; Hammami, W.; Zouari, N.; Jaoua, S. Medium optimization for biomass production 
and morphology variance overcome of Photorhabdus temperata ssp. temperata strain K122. 
Process Biochem. 2008, 42, 1338-1344. 

11. Dabom, P.J.; Waterfield, N.; Silva, CP.; Au, CP.; Sharma, S.; ffrench-Constant, R.H. A single 
Photorhabdus gene, makes caterpillars floppy (mcf), allows Escherichia coli to persist within and 
kill insects. Proc. Natl. Acad Sci. USA 2002, 99, 10742-10747. 

12. Hofinann, F.; Busch, C; Prepens, U.; Just, I.; Aktories, K. Localization of the glucosyltransferase 
activity of Clostridium difficile toxin B to the N-terminal part of the holotoxin. J. Biol. Chem. 
1997,272, 11074-11078. 

13. Khandelwal, P.; Bhatnagar, N.B. Insecticidal activity associated with the outer membrane vesicles 
of Xenorhabdus nematophilus . Appl. Environ. Microbiol. 2003, 69, 2032-2037. 

14. Lanois, A.; Pages, S.; Bourot, S.; Canoy, A.S.; Givaudan, A.; Gaudriault, S. Transcriptional analysis 
of a Photorhabdus sp. Variant reveals transcriptional control of phenotypic variation and 
multifactorial pathogenicity in insects. Appl. Environ. Microbiol. 2011, 77, 1009-1020. 

15. Ffrench-Constant, R.; Waterfield, N.; Dabom, P.; Joyce, S.; Bennett, H.; Au, C; Bowling, A.; 
Boundy, S.; Reynolds, S.; Clarke, D. Photorhabdus: Towards a functional genomic analysis of a 
symbiont and pathogen. FEMS Microbiol. Rev. 2003, 26, 433^56. 

16. Schnepf, E.; Crickmore, N.; Van Rie, J.; Lereclus, D.; Baum, J.; Feitelson, J.; Zeigler, D.R.; 
Dean, D.H. Bacillus thuringiensis and its pesticidal crystal proteins. Microbiol. Mol. Biol. Rev. 
1998, 62, 775-806. 

17. Ehlers, R.-U.; Niemann, I. Molecular identification of Photorhabdus luminescens strains by 
amplification of specific fi-agments of the 16s ribosomal DNA. Syst. Appl. Microbiol. 1998, 21, 
509-519. 

18. Fischer-Le Saux, M.; Viallard, V.; Brunei, B.; Normand, P.; Boemare, N.E. Polyphasic classification 
of the genus Photorhabdus and proposal of new taxa: P. luminescens subsp. luminescens subsp. nov., 
P. Luminescens subsp. akhurstii subsp. nov., P. luminescens subsp. laumondii subsp. nov., 
P. temperata sp. nov., P. temperata subsp. temperata subsp. nov. and P. asymbiotica sp. nov. 
Int. J. Syst. Bacteriol. 1999, 49, 1645-1656. 

19. Blackburn, M.; Golubeva, E.; Bowen, D.; Ffrench-Constant, R.H. A novel insecticidal toxin from 
Photorhabdus luminescens, toxin complex a (Tea), and its histopathological effects on the midgut 
of Manduca sexta. Appl. Environ. Microbiol. 1998, 64, 3036-3041. 

20. Yao, Q.; Cui, J.; Zhu, Y.; Wang, G.; Hu, L.; Long, C; Cao, R.; Liu, X.; Huang, N.; Chen, S.; et al. 
A bacterial type iii effector family uses the papain-like hydrolytic activity to arrest the host cell 
cycle. Proc. Natl. Acad Sci. USA 2009, 106, 3716-3721. 

21. Morgan, J.A.; Sergeant, M.; Elhs, D.; Ousley, M.; Jarrett, P. Sequence analysis of insecticidal 
genes from Xenorhabdus nematophilus PMFI296. Appl. Environ. Microbiol. 2001, 67, 2062-2069. 

22. Brown, S.E.; Cao, A.T.; Hines, E.R.; Akhurst, R.J.; East, P.D. A novel secreted protein toxin from 
the insect pathogenic hactenmn Xenorhabdus nematophila. J. Biol. Chem. 2004, 279, 14595-14601. 



Toxins 2014, 6 



2039 



23. PuUinger, G.D.; Adams, I.E.; MuUan, P.B.; Garrod, T.I.; Lax, A.J. Cloning, expression, and 
molecular characterization of the dermonecrotic toxin gene of Bordetella spp. Infect. Immun. 
1996, ^4, 4163^171. 

24. Ffrench-Constant, R.H.; Waterfield, N.; Burland, V.; Pema, N.T.; Dabom, P.J.; Bowen, D.; 
Blattner, F.R. A genomic sample sequence of the entomopathogenic bacterium Photorhabdus 
luminescens W14: Potential implications for virulence. Appl. Environ. Microbiol. 2000, 66, 
3310-3329. 

25. National Center for Biotechnology Information. Available online: http://www.ncbi.nlm.nih.gov 
(accessed on 14 March 2014). 

26. Predict Protein Website. Available online: http://www.predictprotein.org (accessed on 14 
March 2014). 

27. SIB Bioinformatics Resource Portal. Available online: http://www.expasy.org (accessed on 14 
March 2014). 

28. Cheng, E.H.Y.A.; Wei, M.C.; Weiler, S.; Flavell, R.A.; Mak, T.W.; Lindsten, T.; Korsmeyer, S.J. 
BCL-2, BCL-Xl sequester BH3 domain-only molecules preventing bax- and bak-mediated 
mitochondrial apoptosis. Mol. Cell 2001, 8, 705-711. 

29. Kelekar, A.; Thompson, C.B. Bcl-2-family proteins: The role of the BH3 domain in apoptosis. 
Trends Cell Biol. 1998, 8, 324-330. 

30. Sattler, M.; Liang, H.; Nettesheim, D.; Meadows, R.P.; Harlan, J.E.; Eberstadt, M.; Yoon, H.S.; 
Shuker, S.B.; Chang, B.S.; Minn, A.J.; et al. Structure of Bcl-XL-Bak peptide complex: 
Recognition between regulators of apoptosis. Science 1991, 275, 983-986. 

31. Just, I.; Selzer, J.; Wilm, M.; von Eichel-Streiber, C; Mann, M.; Aktories, K. Glucosylation of 
Rho proteins by Clostridium difficile toxin B. Nature 1995, 375, 500-503. 

32. Just, I.; Wilm, M.; Selzer, J.; Rex, G.; von Eichel-Streiber, C; Mann, M.; Aktories, K. 
The enterotoxin from Clostridium difficile (ToxA) monoglucosylates the rho proteins. J. Biol. Chem. 
1995,270, 13932-13936. 

33. Czuprynski, C.J.; Welch, R.A. Biological effects of RTX toxins: The possible role of 
lipopolysaccharide. Trends Microbiol. 1995, 3, 480-483. 

34. Shin, M.K.; Cha, S.B.; Lee, W.J.; Yoo, H.S. Predicting genetic traits and epitope analysis of 
ApxIVA m Actinobacillus pleuropneumoniae . J. Microbiol. 2011, 49, 462-468. 

35. Chattopadhyay, A.; Bhatnagar, N.B.; Bhatnagar, R. Bacterial insecticidal toxins. Crit. Rev. Microbiol. 
2004, 30, 33-54. 

36. Prochazkova, K.; Shuvalova, L.A.; Minasov, G.; Voburka, Z.; Anderson, W.F.; Satchell, K.J. 
Structural and molecular mechanism for autoprocessing of MARTX toxin of Vibrio cholerae at 
multiple sites. J. Biol. Chem. 2009, 284, 26557-26568. 

37. Linhartova, I.; Bumba, L.; Masin, J.; Basler, M.; Osicka, R.; Kamanova, J.; Prochazkova, K.; 
Adkins, I.; Hejnova-Holubova, J.; Sadilkova, L.; et al. Rtx proteins: A highly diverse family 
secreted by a common mechanism. F EMS Microbiol. Rev. 2010, 34, 1076-1 1 12. 

38. Eleftherianos, I.; Waterfield, N.R.; Bone, P.; Boundy, S.; Ffrench-Constant, R.H.; Reynolds, S.E. 
A single locus from the entomopathogenic bacterium Photorhabdus luminescens inhibits activated 
Manduca sexta phenoloxidase. FEMS Microbiol. Lett. 2009, 293, 170-176. 



Toxins 2014, 6 



2040 



39. Schaller, A.; Kuhn, R.; Kuhnert, P.; Nicolet, J.; Anderson, T.J.; Maclnnes, J.I.; Segers, R.P.; 
Frey, J. Characterization of Apxiva, a new RTX determinant of Actinobacillus pleuropneumoniae. 
Microbiology 1999, 145, 2105-2116. 

40. Aloy, P.; Russell, R.B. Interprets: Protein interaction prediction through tertiary structure. 
Bioinformatics 2003, 19, 161-162. 

41. Ebeling, W.; Hennrich, N.; Klockow, M.; Metz, H.; Orth, H.D.; Lang, H. Proteinase K from 
Tritirachium album Limber. Eur. J. Biochem. 1974, 47, 91-97. 

42. Kraus, E.; Kiltz, H.H.; Femfert, U.F. The specificity of proteinase K against oxidized insulin 
B chain. Hoppe Seylers Z. Physiol. Chem. 1976, 357, 233-237. 

43. Lindler, L.E.; Piano, G.V.; Burland, V.; Mayhew, G.F.; Blattner, F.R. Complete DNA sequence 
and detailed analysis of the Yersinia pestis KIMS plasmid encoding murine toxin and capsular 
antigen. Infect. Immun. 1998, 66, 5731-5742. 

44. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of 
protein utilizing the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248-254. 

45. European Bioinformatics Institute. Available online: http://www.ebi.ac.uk/Tools/clustalw2 
(accessed on 14 March 2014). 

46. Saitou, N.; Nei, M. The neighbor-joining method: A new method for reconstructing phylogenetic 
trees. Mol. Biol. Evol. 1987, 4, 406^25. 



© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
disfributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



